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DNA methylation is a crucial mechanism associated with epigenetic regulation. DNA methylation triggers chromatin reorganization that is mediated by methyl-binding proteins ( Fig. 1 ) , it has a comparatively simple binary pattern (i.e., methylated versus nonmethylated bases) compared with the highly complex pattern of histone modifi cations ( Fig. 1 ) , and it is particularly amenable to experimental analysis. Changes in the pattern of DNA methylation, either increased (hypermethylation) or decreased (hypomethylation), have been identifi ed in all types of cancer cells examined so far. In addition, it has also been shown that genetic lesions in human cancer cells can promote epigenetic alterations. The leukemia-promoting PML -RAR fusion protein, for example, can recruit DNA methyltransferases to the target genes for the fusion protein and thereby induce epigenetic silencing ( 6 ) . These results provided an important paradigm for the cooperation of genetic and epigenetic lesions in promoting tumorigenesis.
Genomic tumor DNA is generally characterized by distinct methylation changes that have also been termed epimutations. At the global level, the DNA is often hypomethylated, particularly at centromeric repeat sequences, and this hypomethylation has been linked to genomic instability ( 7 ) . Another class of epimutations is characterized by the local hypermethylation of individual genes, which has been associated with aberrant gene silencing ( 8 ) .
Epimutations have been described in many types of cancer and appear to play an important role in tumorigenesis. For instance, epigenetic silencing, rather than gene mutation, is the main mechanism of inactivation of the DNA mismatch repair gene hMLH1 in sporadic colon cancer ( 9 ) , and the methylation of E-cadherin has a central role in metastasis and invasion of breast cancers ( 10 ) . Such epimutations rarely appear in healthy tissue, indicating that epigenetic therapies may have high tumor specifi city.
The reversibility of epigenetic modifi cations renders them attractive targets for therapeutic interventions ( 11 ) . In contrast to genetic mutations, which are inherited passively through DNA replication, epigenetic mutations must be actively maintained. Consequently, pharmacologic inhibition of certain epigenetic modifi cations could correct faulty modifi cation patterns and thus Epimutations, such as the hypermethylation and epigenetic silencing of tumor suppressor genes, play a role in the etiology of human cancers. In contrast to DNA mutations, which are passively inherited through DNA replication, epimutations must be actively maintained because they are reversible. In fact, the reversibility of epimutations by small-molecule inhibitors provides the foundation for the use of such inhibitors in novel cancer therapy strategies. Among the compounds that inhibit epigenetic processes, the most extensively studied are DNA methyltransferase inhibitors. In this review, we examine the literature on DNA methyltransferase inhibitors and discuss the effi cacy of such compounds as antitumor agents, as evaluated in phase I -III clinical trials. We also discuss future areas of research, including the development of nonnucleoside inhibitors, the application of novel bioanalytical tools for DNA methylation analysis (which will be important for the clinical application of these compounds by allowing rational approaches to trial design), the need to optimize treatment schedules for maximal biologic effectiveness, and the need to defi ne molecular endpoints so that changes induced by demethylating drugs in patients can be monitored during treatment. Assays for genome-wide and tumor-specifi c DNA methylation also need to be further developed to establish the pharmacodynamic parameters of DNA methyltransferase inhibitors in patients and to provide rational approaches to maximizing the therapeutic effi cacy of these compounds.
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Epigenetic mechanisms regulate the expression of genetic information. Epigenetic modifi cations of DNA and histones are stable and heritable but are also reversible ( 1 ) . They include covalent modifi cations of bases in the DNA and of amino acid residues in the histones. DNA methyltransferases are a family of enzymes that methylate DNA at the carbon-5 position of cytosine residues ( 2 ) . Methylated DNA can then be bound by methyl-binding proteins ( 3 ) that function as adaptors between methylated DNA and chromatin-modifying enzymes (e.g., histone deacetylases and histone methyltransferases) by recruiting histone-modifying enzymes to stretches of methylated DNA ( Fig. 1 ). Histone-modifying enzymes then covalently modify the amino-terminal residues of histones to induce the formation of chromatin structures that repress gene transcription ( 4 ) . Examples of covalent histone modifi cations include the methylation of the lysine at position 9 in histone H3 and the deacetylation of the lysine at position 16 in histone H4, both of which are associated with gene silencing. The interplay between DNA methylation and histone modifi cations has a profound effect on the epigenetic regulation of gene expression patterns ( 5 ) directly change gene expression patterns and the corresponding cellular characteristics.
Progress in the development of pharmacologic inhibitors differs widely between individual enzyme families. The development of histone methyltransferase inhibitors is still in an early preclinical stage. Several histone deacetylase inhibitors are currently being tested in phase I and phase II clinical trials. However, many other cellular proteins are acetylated, including key regulators of tumor cell growth, and so it is unclear whether the growth inhibition induced by histone deacetylase inhibitors is the result of alterations in the histone acetylation patterns or alterations in signaling pathways that regulate cell proliferation. DNA methyltransferase inhibitors are at a more clinically advanced stage of development than inhibitors of histone deacetylases or histone methyltransferases, having been extensively tested in phase I -III clinical trials. In addition, the prototypical DNA methyltransferase inhibitor 5-azacytidine (i.e., Vidaza) has recently been approved by the Food and Drug Administration (FDA) as an antitumor agent for the treatment of myelodysplastic syndrome. DNA methyltransferase activity has an important role in tumor growth, and the activity of DNA methyltransferase inhibitors can be analyzed directly at the DNA level. Consequently, in this review, we will focus on the role of DNA methyltransferase inhibitors in the further development of epigenetic cancer therapies. We also discuss future areas of research, including the development of nonnucleoside inhibitors, the application of novel bioanalytical tools for DNA methylation analysis, and the need to optimize treatment schedules on the basis of defi ned molecular endpoints that allow changes induced by demethylating drugs in patients to be monitored.
Nucleoside DNA Methyltransferase Inhibitors
The archetypal DNA methyltransferase inhibitor 5-azacytidine, a simple derivative of the nucleoside cytidine ( Fig. 2 ), was fi rst described more than 40 years ago ( 12 ) . Its demethylating activity was discovered later as the result of its ability to infl uence cellular differentiation ( 13 ) . 5-Azacytidine is a nucleoside inhibitor that is incorporated into DNA. DNA methyltransferases methylate both cytosine residues and 5-azacytosine residues in the DNA. However, 5-azacytosine prevents the resolution of a covalent reaction intermediate ( 14 ) , which leads to DNA methyltransferase being trapped and inactivated in the form of a covalent protein -DNA adduct ( Fig. 3 ) . As a result, cellular DNA methyltransferase is rapidly depleted, and concomitantly genomic DNA is demethylated as a result of continued DNA replication. 5-Azacytidine is a ribose nucleoside and thus must be chemically modifi ed to a deoxyribonucleoside triphosphate to be incorporated Fig. 1 . Epigenetic regulation by DNA methyltransferases methyl-binding proteins and histone modifying enzymes. DNA is methylated by DNA methyltransferases (DNMTs). Methylated cytosine residues ( solid circles ) are bound by methyl-binding proteins (MBPs) that subsequently recruit histone deacetylases (HDACs) and histone methyltransferases (HMTs). These enzymes mediate complex changes in the histone modifi cation pattern of methylated genes that result in the establishment of repressive chromatin structures. acH4K12 = lysine 12 -acetylated histone H4; acH4K5 = lysine 5 -acetylated histone H4; mH3K9 = lysine 9 -methylated histone H3; mono, di, tri = mono-, di-, tri-methylated; open circles = unmethylated cytosine residues. into DNA. However, before all 5-azacytidine is converted to a deoxyribonucleoside triphosphate, a portion of it is incorporated into RNA, which affects a variety of RNA functions including ribosome biogenesis ( 15 ) and, therefore, has cellular consequences independent of demethylation ( 16 ) .
Another DNA methyltransferase inhibitor is 5-aza-2 ′ -deoxycytidine (i.e., decitabine), the deoxyribose analogue of 5-azacytidine. This compound does not need to be modifi ed to a deoxy form and can be more directly incorporated into DNA ( Fig. 2 ) . Therefore, decitabine may be more specifi c and less toxic than 5-azacytidine; indeed, the drug shows greater inhibition of DNA methylation and antitumor activity in experimental models ( 16 ) . Decitabine has single-agent activity in myeloid malignancies ( 17 , 18 ) , including myelodysplastic syndrome, acute myelogenous leukemia, and chronic myelogenous leukemia (for details, see below). However, decitabine also has substantial toxic effects, in particular myelosuppression with neutropenic fever ( 19 ) , that may be linked to the formation of covalent adducts between DNA and trapped DNA methyltransferase proteins ( 20 ) . These toxic effects highlight one of the central problems in interpreting much of the laboratory and clinical data for DNA methyltransferase inhibitors: It is often not clear whether effects on gene expression and cellular phenotype (or even on antitumor activity) associated with inhibitor treatment are due to cytotoxicity or to the demethylation of genomic DNA. Indeed, a recent phase II study of decitabine in patients with chronic myelogenous leukemia appeared to indicate that drug-induced hypomethylation of DNA in peripheral blood cells was less pronounced in responders than in nonresponders ( 19 ) .
The most recent addition to the group of DNA methyltransferase inhibitors is zebularine ( 21 ) , another derivative of 5-azacytidine ( Fig. 2 ) . After several chemical modifi cations, zebularine is incorporated into DNA as a cytosine analogue. Zebularine is more stable than 5-azacytidine or decitabine and may also be less toxic. Orally ingested zebularine causes detectable demethylation and inhibits tumor growth in nude mice ( 22 ) . However, the oral bioavailability of zebularine in monkeys appears to be low ( 23 ) , and the drug has yet to be evaluated in clinical trials. Although zebularine appears to have some specifi city toward cancer cells ( 24 ) , its mechanism of action is similar to that of the aza-nucleoside inhibitors. Thus, the demethylating activity of zebularine may also be diffi cult to separate from the toxic effects of DNA methyltransferase depletion that result from covalent enzyme trapping.
In fact, the inherent cytotoxicity of nucleoside DNA methyltransferase inhibitors poses a considerable limitation for their further development as therapeutic agents. However, their effectiveness in reversing epimutations warrants further investigations to optimize clinical treatment schedules, so that the risks associated with these drugs might be reduced and the benefi ts maximized.
Nonnucleoside DNA Methyltransferase Inhibitors
Some nonnucleoside compounds can also inhibit DNA methyltransferase activity. These substances directly block DNA methyltransferase activity and therefore do not appear to have the inherent toxicity caused by the covalent trapping of the enzyme ( Fig. 3 ) . One nonnucleoside DNA methyltransferase inhibitor is ( -)-epigallocatechin-3-gallate (EGCG), the main polyphenol compound in green tea. EGCG affects various biologic pathways ( 25 ) and inhibits DNA methyltransferase activity in protein extracts and in human cancer cell lines ( 26 ) . After examining the chemical structure of EGCG, Fang et al. ( 26 ) proposed that EGCG binds to and blocks the active site of human DNA methyltransferase 1 ( Fig. 2 ) . However, degradation of EGCG generates a substantial amount of the strong oxidizing agent hydrogen peroxide ( 27 ) , and the oxidation of DNA methyltransferases and other proteins might contribute to the inhibition of DNA methylation by EGCG in vitro and to its cytotoxicity in human cell lines. Oxidation of DNA methyltransferases may also be involved in the mechanism of action of organoselenium compounds, such as benzyl selenocyanate ( 28 ) ; however, to our knowledge, no organoselenium compound has been shown to inhibit DNA methylation under in vivo conditions.
The discovery of most DNA methyltransferase inhibitors discussed above was fortuitous. The rational design of DNA methyltransferase inhibitors has been hampered by the lack of three-dimensional structures for the most relevant eukaryotic DNA methyltransferases, and it has been diffi cult to establish stringent DNA methyltransferase assays that are suitable for highthroughput screening. However, a three-dimensional homol ogy model for the human DNA methyltransferase1 catalytic domain has been established ( 29 ) and used in an in silico screening assay to identify RG108, a small-molecule inhibitor of human DNA methyltransferases ( 30 ) . RG108 appears to block the active site of DNA methyltransferase ( Fig. 2 ) , as indicated by the modeling data and its ability to inhibit the catalytic activity of purifi ed recombinant DNA methyltransferase. The inhibitory mechanism of RG108 also appears to be direct and specifi c for DNA methyltransferases, in that RG108 has comparatively low toxicity in human cancer cell lines ( 30 ) . Thus, RG108 is an attractive candidate for further evaluation as a lead compound for new drug development.
The group of nonnucleoside DNA methyltransferase inhibitors also contains three additional classes of less well-characterized compounds. 1) 4-Aminobenzoic acid derivatives, such as the antiarrhythmic drug procainamide and the local anesthetic procaine, have shown demethylating activity in cellular assays and in mouse xenograft tumors ( 31 , 32 ) . Procaine appears to bind to CpG-rich sequences and thereby block the binding of DNA methyltransferases to DNA ( Fig. 2 ) ( 32 ) . However, procaine must be present in a high concentration (100 -500 μ M ) to be an effective DNA methyltransferase inhibitor, and it has not been effective in all cell lines tested ( 33 ) . 2) The psammaplins inhibit DNA methyltransferase activity in cell-free assays, but their inhibitory mechanism has not been elucidated ( 34 ) . The psammaplins also inhibit histone deacetylase activity ( 34 ) and thus should be evaluated further as inhibitors of both histone deacetylases and DNA methyltransferases.
3) The third class of DNA methyltransferase inhibitors are oligonucleotides, including hairpin loops and specifi c antisense oligonucleotides, such as MG98. Hairpin loops have been used as competitor substrates for DNA methyltransferases in mouse erythroleukemia cells and have been able to induce the weak expression of the p16 tumor suppressor gene in human HT29 colon carcinoma cells ( 35 ) . In addition, transfection of human HCT116 and SW48 colon cancer cell lines with antisense oligonucleotides against DNA methyltransferase 1 resulted in the demethylation and reactivation of p16 ( 36 ) . Although the reproducibility of these results has been directly questioned by others ( 37 ) , the most advanced oligonucleotide (MG98) appears to have antitumor activity in preclinical models and is currently being tested in a phase II clinical trials (unpublished data; see http:// www.methylgene.com ). Because only a limited response was observed in trials of single-agent MG98 therapy, current phase II trials in metastatic renal cell cancer are evaluating combination therapy of MG98 and interferon.
Pharmacodynamic Responses to DNA Methyltransferase Inhibitors
Alterations in the level or pattern of genomic DNA methylation may be an important endpoint for analyzing the effect of DNA methyltransferase inhibitor treatment. Changes in DNA meth ylation patterns can be analyzed with various methods, but most methods have substantial limitations, as outlined in Table 1 . Chromatographic and electrophoretic analysis of genomic DNA, for instance, allows for a straightforward determination of the methylation level of the whole genome but does not provide information about the distribution of methylated bases, i.e., the genomic methylation pattern. In contrast, bisulfi te sequencing provides a detailed map of DNA methylation patterns, but the method is very time-consuming and limited to a few hundred base pairs of DNA per experiment. In addition, microarray analysis may allow a genome-wide analysis of DNA methylation patterns at a high resolution, but this technology is still challenging experimentally, and better microarray platforms need to be developed for such analyses.
The
usually determined by bisulfi te modifi cation procedures that deaminate unmethylated cytosine residues to uracil but do not affect methylated cytosines. The methylation-dependent polymorphism patterns are then determined after amplifying the bisulfi te-treated DNA with a polymerase chain reaction, by use of discriminative primers, by restriction enzymes, or by DNA sequencing ( 38 -40 ) . Although demethylation (and reactivation) of specifi c genes has been frequently observed after treatment with DNA methyltransferase inhibitors, these results need to be interpreted with caution because local changes in DNA methylation might also be a side effect of altered gene expression patterns in response to cytotoxic or other properties of DNA methyltransferase inhibitors.
To avoid misinterpretation of methylation data for a single gene, data from DNA methyltransferase inhibitor studies have been analyzed at the whole-genome level, by determining the level of genomic cytosine methylation -one of the most important and experimentally most straightforward parameters. Genomic cytosine methylation levels have traditionally been measured by high-performance liquid chromatography ( 41 ) . Although this method is fairly robust and quantitative, it requires comparatively large amounts of DNA. Consequently, novel analytical methods have been developed that use the capillary electrophoretic separation of nucleotides ( 42 , 43 ) ; these methods are both robust and sensitive and are now used to determine the pharmacodynamic parameters of DNA methyltransferase inhibitors.
To comprehensively characterize the molecular effects of reduced DNA methyltransferase activity, high-resolution methods need to be developed to analyze genome-wide DNA methylation patterns. To analyze DNA methylation, several laboratories are currently investigating the use of complex microarrays to detect bisulfi te-induced, methylation-dependent polymorphisms in the DNA sequence or the use of array hybridization to detect resistance to methylation-sensitive restriction enzyme digestion ( 44 -46 ) . In addition, such methylation-sensitive microarray assays may be able to classify tumors via the observed pattern of methylation ( 44 ) .
Methods that detect changes in methylation patterns can also be used to develop and refi ne epigenetic therapies for cancer. In clinical trials of demethylating agents, changes in patients' DNA methylation patterns should be monitored closely with appropriately validated and standardized methods to determine whether such changes can be used as endpoints in future clinical trials. If such methods can be established, they will allow the direct comparison of the biologic effectiveness of demethylating agents, as well as the optimization of schedules and the rational design of combination treatments with DNA methyltransferase inhibitors and other anticancer drugs. For example, in peripheral blood mononuclear cells from xenograft tumor -bearing mice treated with decitabine, decreased levels of genomic DNA methylation ( Fig. 4 ) are associated with the demethylation of the human MLH1 promoter in the xenograft tumors ( 47 ) . Thus, peripheral blood appears to be a surrogate tissue for determining pharmacodynamic characteristics of the effect of DNA methyltransferase inhibitors in tumors ( 48 ) . In other studies, the MAGE family of genes has been used to determine the biologic activity of DNA methyltransferase inhibitors. These genes are biallelically methylated in adult somatic tissues but demethylated in sperm ( 49 , 50 ) . Demethylation of the MAGE family genes in normal tissue can therefore be used to monitor drug-dependent methylation changes in response to treatment. In a phase I trial of decitabine in patients with refractory solid tumors ( 48 ) , the analysis of the methylation level of the whole genome and of the MAGE1 promoter in peripheral blood revealed substantial drug-induced decreases. Repeated sampling of tumor cells can occur in hematologic tumors; therefore, a more direct defi nition of molecular endpoints may be possible in such malignancies. Repeated sampling of bone marrow in decitabinetreated patients with myelodysplastic syndrome has revealed complex demethylation dynamics ( 51 ) ; demethylation of the p15 tumor suppressor gene appeared to coincide with the hematologic response in the same group of decitabine-treated patients ( 52 ) . However, this fi nding could not be confi rmed in another study that also included patients with acute myelogenous leukemia ( 53 ) . Consequently, changes in the p15 methylation pattern may not be representative of the decitabine-induced changes in the global DNA methylation pattern, and the prognostic value of methylation changes at individual loci, such as p15 and p16 ( 54 ) , remains to be determined.
Ultimately, it may be the changes in gene transcription and growth suppression in the tumor that are monitored in patients as markers of a biologic response to treatment with DNA methyltransferase inhibitors. When reexpression of epigenetically silenced genes, such as fetal hemoglobin in blood cells, was evaluated in clinical trials of decitabine in patients with sicklecell anemia, it was found to be associated with marked improvements in clinicopathological parameters related to red blood cell adhesion, endothelial damage, and coagulation pathway activity ( 55 ) . However, results of recent studies ( 50 ) suggest that demethylation of specifi c genes need not always result in their reexpression. For example, demethylation of the MAGE genes appears to lead to gene reexpression only when the appropriate tissue-specifi c transcription factors are also present ( 50 ) . Consequently, the unwanted gene reexpression induced by demethylating agents may be avoided in normal tissues if they lack such transcription factors, and there may be greater specifi city of gene reexpression than has been predicted by examining methylation patterns. However, the broad alterations of gene expression patterns observed in cell lines treated with established DNA methyltransferase inhibitors do not indicate that such treatments have the ability to specifi cally reactivate epigenetically silenced genes. For example, decitabine induced both increased expression for some genes and decreased expression for other genes, as did the histone deacetylase inhibitor trichostatin A ( 56 ) . Thus, various factors, including DNA hypomethylation and cytotoxicity, may contribute to the complex effects observed after epigenetic drug treatment, and the characterization of these effects and development of compounds that specifi cally reverse epimutations will be required for future cancer therapies.
Cancers Targeted in Epigenetic Therapy
Abnormal DNA methylation patterns or epimutations have been documented for various cancers, and these epimutations may be used as biomarkers for tumor classifi cation. Epimutations appear to accumulate over time at various sites in the genome and to promote tumorigenesis by increasing genomic instability or by silencing tumor suppressor genes. The silencing of tumor suppressor genes is closely associated with DNA hypermethylation and can be effectively reversed by DNA methyltransferase inhibitors. For these reasons, DNA methyltransferase inhibitors may be an attractive treatment option for most tumors. Although some mouse tumor models responded to a moderately reduced level of DNA methylation ( 57 ) , other models did not ( 58 ) . In addition, strong demethylation of the mouse genome that was induced by a mutant DNA methyltransferase allele appeared to increase genome instability and to cause concomitant tumorigenesis ( 59 ). These results indicate that the compounds and treatment schedules currently in use might not be suffi ciently advanced to allow their broad therapeutic application.
The nucleoside inhibitors 5-azacytidine and decitabine have been tested in many phase I and II trials against many forms of cancer. The dose-limiting toxicity for both is myelosuppression, and the most commonly reported nonhematologic adverse effect was nausea and vomiting, which was grade 3 -4 in approximately ( 60 ) . At cytotoxic doses, decitabine was active against leukemias and myelodysplastic syndromes ( 61 ) , but only limited activity with these schedules and doses was observed against solid tumors ( 62 ) . More recently, phase II and III clinical trials have been conducted for the treatment of myelodysplastic syndrome, a preleukemic bone marrow disorder that is usually diagnosed in older patients. For instance, a randomized trial of 5-azacytidine (75 mg/m 2 of body surface area subcutaneously for 7 days every 28 days) revealed substantially higher response rates (60% versus 5%) associated with 5-azacytidine treatment than with supportive care ( 63 ) . These results led to the recent FDA approval of 5-azacytidine (Vidaza, Pharmion) for the treatment of myelodysplastic syndrome and to the fast-track status of decitabine (Dacogen, MGI Pharma) for treatment of the same disorder. Because decitabine also showed promising response rates for other leukemias ( 19 , 53 ) , it might be effective for other tumor types. However, the activity of deci tabine in solid tumors remains unclear, although prolonged disease stabilization has been reported in patients with lung cancer or prostate cancer ( 60 , 64 ) . Unfortunately, there is little evidence linking therapeutic effi cacy to DNA demethylation, and drug-induced toxicity might play a major role in the patient responses observed.
10% of patients ( 60 )
. In lung cancer patients, toxicity was both dose and schedule dependent, with decitabine being less myelosuppressive when the same dose was administered over a shorter treatment period than over a longer period
Clinical Treatment Schedules
To allow effective clinical evaluation and a broader use of DNA methyltransferase inhibitors in clinical practice, doses and treatment schedules will need to be maximized for biologic effects and minimized for toxicity. The previously described pharmacodynamic markers could be used in phase I trials to determine the optimal dose for future clinical study. The initial phase I/II trials of 5-azacytidine or decitabine used doses near the maximum tolerated dose, rather than the optimal biologically effective dose ( 61 , 62 ) ; therapeutic responses were disappointing, and patients experienced many severe side effects that were probably related more to the inherent toxicity of aza-nucleoside inhibitors than to their demethylating activity. However, we now have a greater understanding of the mechanism of action of demethylating agents, and the broad use of decitabine in cell culture experiments indicates that demethylation of tumor suppressor genes can occur at drug concentrations that are substantially lower than those required for a cytotoxic effect ( 54 ) . In addition, it has also been shown that genes demethylated by DNA methyltransferase inhibitors can be remethylated within a few days ( 65 , 66 ) . As a consequence, treatment schedules have been modifi ed to include multiple courses of treatment to sustain demethylation and reduced drug concentrations to decrease the severity of side effects ( 63 , 67 ) . Initial reports suggest that these regimens appear to have been well tolerated, with possibly increased response rates ( 53 ) . However, the clinical feasibility of these schedules has still to be fully evaluated, and their clinical signifi cance for improving survival has not been established in large randomized clinical trials yet. Additional limitations of single-agent aza-nucleoside therapies include low drug stability ( 68 ) , poor oral bioavailability, rapid elimination by patients ( 69 ) , and, therefore, frequent hospital stays.
Present treatment schedules, including multiple courses of low-dose treatment, do not lead to the continuous demethylation of a patient's DNA ( 19 , 51 ) and so may not achieve stable epigenetic reprogramming in tumor cells. An alternative approach is therefore to use the period of demethylation (before remethylation can occur) as a window of epigenetic sensitization for combination therapies. More specifi cally, demethylation may sensitize tumors to existing cytostatic therapies or make cells permissive for epigenetic reprogramming with other epigenetic drugs, such as histone deacetylase inhibitors.
For example, resistance of human tumor xenografts to treatment with cisplatin, carboplatin, temozolomide, and epirubicin was decreased by adding nontoxic doses of decitabine. Importantly, the timing of drug administration appears to be associated with therapeutic response ( 47 ) ( Fig. 4 ) . To be effective, decitabine had to be given 6 -12 days before the cytotoxic drug; if decitabine was given at the same time or after the cytotoxic drug was administered, sensitization was lost. This observation provides strong support for the notion that decitabine sensitizes tumors by epigenetic reactivation of proapoptotic genes that potentiate the effects of cytotoxic drugs ( 47 , 70 ) . In this respect, it is important that previous combination treatment designs involved concurrent drug administration and did not incorporate the kinetics of demethylation and dependence of chemosensitization into the schedule ( 71 -73 ) . In future clinical combination trials with aza-nucleosides, the administration of the second drug should, therefore, be delayed for several days to achieve the highest possible demethylation of tumor DNA.
Because DNA methylation and histone acetylation can act synergistically to silence tumor suppressor genes in cancer cell lines, DNA methyltransferase inhibitors have also been combined with histone deacetylase inhibitors to enhance reversal of epigenetic silencing ( 74 ) . The balance between the activity of histone deacetylases and the activity of histone acetyltransferases determines the acetylation level and acetylation pattern of histones. In addition, these enzymes regulate the expression of various genes by acetylating or deacetylating transcription factors such as GATA-1, TFIIE, and p53 ( 75 ) . Expression of histone acetyltransferases and histone deacetylases or the patterns of gene-specifi c histone acetylation have not been extensively studied in cancer cells, although certain mutations in histone acetyltransferases or aberrant recruitment of histone deacetylases have been associated with cancer-prone syndromes and tumors ( 76 ) . Histone deacetylase inhibitors, such as hydroxamic acid derivatives, inhibit proliferation of tumor cell lines in vitro and induce apoptosis, although with variable effi cacy that is dependant on the cell type examined ( 77 , 78 ) . In addition, DNA methyltransferase and histone deacetylase inhibitors exert genome-wide effects and are not specifi c to particular genes. However, the combination of a histone deacetylase inhibitor and a DNA methyltransferase inhibitor becomes an attractive treatment option for epigenetic cancer therapies if the maximal epigenetic effects of DNA methyltransferase inhibitors are limited by toxic effects.
Directions for Further Developments
For a new epigenetic therapy to improve the treatment of cancer patients, it should have suffi cient tumor cell versus normal cell selectivity so that a useful therapeutic index (i.e., the dose producing biological effects in tumor compared with the maximum tolerated dose) can be obtained. Examples of epigenetic therapies with a comparatively high therapeutic index include some of the histone deacetylase inhibitors currently undergoing clinical evaluation ( 77 ) . Also, low-dose aza-nucleoside treatments appear to have a suffi ciently high therapeutic index to warrant further consideration and optimization. However, myelosuppression may limit the clinical use of aza-nucleotides at their maximum biologically effective dose. Nonnucleoside inhibitors may be less toxic because they are not incorporated into DNA. As described above, nonnucleoside inhibitors, such as EGCG, RG108, and procaine, should now be evaluated in preclinical and clinical studies, and additional nonnucleoside inhibitors should be developed.
As our understanding of the regulation of chromatin remodeling and epigenetic mechanisms for the regulation of transcription increases, new molecular targets will be identifi ed and new inhibitors may be discovered. The histone methyltransferases are such new molecular targets. Another target may be the aberrant chromatin structure formed by tumor-specifi c modifi cations of the DNA and histones in tumors. This aberrant structure, rather than levels or activities of specifi c enzymes, may prove to be of great utility in differentiating between tumor and normal cells and thus may represent an exciting target for new therapeutic approaches.
As epigenetic therapies are being evaluated in clinical trials, new surrogate endpoints need to be defi ned and validated in early-phase clinical trials. In particular, the use of pharmacodynamic endpoints defi ned by the optimal biologic effect rather than by the maximum tolerated dose will help to identify the best doses and schedules for later trials. Although surrogate endpoints (such as demethylation) in surrogate tissues (such as blood cells) will be useful in guiding such studies and confi rming that a drug is effective on its expected target, these endpoints provide only limited information about effects in the tumor. Because repeated sampling of the tumor will be restricted to only certain malignancies, such as leukemias, a major challenge will be identifying appropriate noninvasive means of monitoring the drug's effect on the tumor. Molecular imaging approaches and the assessment of tumor biomarkers released into body fl uids may be able to determine drug effects in a clinically feasible manner and should be investigated further.
Once the recommended dose and treatment schedule for an epigenetic therapy has been established, the appropriate design for a randomized clinical trial within the context of existing therapies must be selected. Studies in experimental models have demonstrated that demethylating agents are not effective against all tumor types. For example, although colon tumor xenografts with methylated MLH1 can be sensitized to the chemotherapeutic cytotoxic effects of demethylating agents, colon xenografts with mutated MLH1 cannot be sensitized to these effects ( 47 ) . Consequently, appropriate biomarkers will need to be found to identify patient populations that may benefi t from certain epigenetic therapies. Most studies that have investigated methylation of individual genes and patterns of methylation as a biomarker have been small and retrospective. Large prospective studies should be done to evaluate the potential of such biomarkers further.
DNA methylation patterns appear to be increasingly important in the management of cancer patients. These patterns are being examined as a means of early diagnosis of cancer ( 79 ) , and the detection of methylated DNA in body fl uids such as plasma of cancer patients may provide a noninvasive means of diagnosis or of monitoring response to treatment, as mentioned above. For example, acquired methylation of MLH1 at relapse in ovarian cancer patients has been associated with poor survival after conventional carboplatin -taxane chemotherapy ( 80 ) . The polymerase chain reaction amplifi cation of bisulfi te-modifi ed DNA is a relatively simple and rapid method to characterize methylation patterns in tumors and requires small amounts of tumor tissue. Aberrant methylation patterns have been used to identify patients for epigenetic therapies ( 81 -83 ) , and this approach needs to be examined further in randomized trials.
